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A PRELIMINARY STUDY OF SOME ABORT TRAJECTORIES INITIATED
DURING LAUNCH OF A LUNAR MISSION VEHICLE*

By John M. Eggleston and William A. McGowan
SUMMARY

An analysls was made of the abort capabilities of a circumlunar
reconnaissance vehicle during three typical launch trajectories. The
apogee, flight time, and entry conditions of abort trajectories ini-
tiated between near-orbital and escape velocities were evaluated with
the use of elementary orbital mechanics and several abort velocities.
In some of the cases the entire velocity was applied at the time of
abort either to change the flight-path angle or to reduce the velocity.
In other cases small velocitles were applied at apogee to insure an
acceptable atmospheric entry.

The trajectories obtained with abort velocities applied to change
the flight-path angle were used to define recovery boundaries for various
magnitudes of abort velocity. A recovery boundary was defined as the
most extreme position along the launch trajectory from which the vehicle
with a given abort velocity could return immediately to and/or remain
within the earth's atmosphere. For abort trajectories initiated beyond
the recovery boundaries, the results indicate that apogee distance and
flight time were significantly shortened by reducing the vehicle velocity
at abort. However, the procedure of delaying the velocity correction
until the vehicle coasted to apogee required the smallest velocities to
insure a return of the vehicle to the atmosphere.

In addition, several sbort trajectories initiated at suborbital
velocities and at relatively high flight-path angles were investigated.
The trajectories, calculated from ebort until the vehicle reached the
surface of the earth, indicate that these conditions of relatively low-
velocity and high flight-path angle could be critical from deceleration
considerations.



INTRODUCT ION

One of the most important requirements of the Apollo circumlunar
mission will be the ability to abort the flight at any time and return
to the earth safely. This requirement will be present not only during
the actual mission but throughout the entire series of buildup or pre-
liminary flights. Abort 1s, therefore, a phase of this mission which
deserves early and considerable attention from both the National Aero-
nautics and Space Administration and industry.

A preliminary inspection indicates that the initial phase of a

lunar trajectory may be divided into five regions during which the abort
conditions have different aspects: (1) a region of low speed and low
altitude which includes off-the-pad aborts, (2) a region of high dynamic
pressure, (5) a region of relatively high flight-path angles at suborbital
veloclities while leaving the atmosphere, (4) a region between orbital and
near-escape velocity, and (5) a postinjection coast period. Each of these
regions may have different problems associated with a safe abort and may

require different procedures, different thrust levels, and different thrust

durations calling for more than one abort propulsion system.

In this paper a preliminary study is made of several possible methods
of utilizing available fuel in the case of an abort during launch of a
lunar mission. The study does not cover all of the previously mentioned
regions but is limited to an investigation of the region between orbital
and near-escape velocity (region 4) with a cursory study of the most
critical abort conditions obtalned at suborbital velocities beyond maxi-
mum dynamic pressure (region 3).

In these two regions an abort may be initiated deliberately (due
to malfunction of the guidance system, etc.) or it may occur inadvertently
(loss of thrust, failure of stages to separate, etc.). If boost-thrust
cutoff can not be insured, the size .of the abort rockets may have to be
quite large to insure an initial separation of the vehicle from the
booster. In any case, initial separation must be made away from the
trajectory of the booster. Following this separation, the vehicle must
be reoriented and In most cases a second thrust (or a continuation of
the first) applied to change the velocity or flight-path angle or both.
This second phase of the abort maneuver may be performed immediately or
after some coast period. 1In this preliminary study only the second phase
which involves the magnitude and direction of the applied abort velocity,
the ensulng trajectories, and the conditions of entry into the earth's
atmosphere will be studied.
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SYMBOLS

In this paper, distances are measured in U.S. statute miles
(1 U.S. statute mile = 1.60935 kilometers).

an deceleration in direction of resultant aserodynamic force,
g units

Cp drag force coefficient, D/qS

D drag, 1b

g acceleration due to gravity, ft/sec?

h radial height above surface of earth, U.S. statute miles

Isp specific impulse, sec

L 1lift, 1b

q dynamic pressure, lb/sq ft

T radisl distance measured from geographical center of earth,
U.S. statute miles

S vehicle effective drag area, sq ft

T thrust, 1b

t time, sec

At time from initiation of abort to entry, hr

\s velocity, ft/sec

AV incremental vehicle velocity due to retro-rocket thrust, ft /sec

W total weight of vehicle, 1b

AW weight of retro-rocket propellant, 1lb

a angle of AVo with respect to velocity vector (see fig. 1),
deg

V4 flight-path angle, deg



Subscripts:

o] values at initiation of abort

e values at entry into atmosphere

a values at apogee

P values at perigee

1 values of Vg and 7o adjusted for effects of AVg

max maximm value

abs absolute, denotes measurement with respect to inertial
coordinates at the center of the earth

rel relative, denotes measurement with respect to rotating

(24-hr period) coordinates at the center of the earth
ANALYSIS

Launch Trajectories

In the analysis, aborts initiated from the three typical launch
trajectories shown in figure 1 are investigated. The two launch tra-
jectories shown in figures 1(a) and 1(b) are for four-stage versions of
the Saturn booster and the trajectory of figure 1(c) is for a three-
stage version of the Saturn booster (C-2 version). In each figure the
three quantitiles pertinent to this study are shown plotted against time.
The altitude, relative velocity, and relative flight-path angle for the
first two stages and altitude, absolute velocity, and absolute flight-
path angle for the other stage or stages are given from launch to burnout
(approximately 900 sec). The two trajectories (figs. 1(b) and 1(c)),
with negative flight-path angles are so-called dip trajectories. In
order to obtain these dip trajectories the Saturn boosters were allowed
to make gravity turns soon after ground launch.

Assumptions

The limit of the effective atmosphere is assumed to be 60 miles
above the earth. Beyond this limit the abort trajectories of the
vehicle are established by using elementary orbital mechanics (Keplerian
equations, cf. ref. 1). Implicit in these equations are assumptions
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that (1) the vehicle experiences no drag and (2) the effects of the moon
and other perturbations are neglected.

It 1s further assumed that at the time of abort the vehicle is
separated from the booster, reoriented, and the abort velocity applied
without a time delay. The launch trajectory conditions at abort, modi-
fied by any abort velocity, are then the initial conditions of the abort
trajectory.

It is also assumed that the entry vehicle has a lift-to-drag ratio
of 0.5. This assumption dictates the required entry conditions shown in
figure 2. Such figures may be constructed from the equations of
reference 2.

Procedure

Aborts attempted at various velocities along the launch trajectories
were investigated from near orbital velocity (25,000 ft/sec) to escape or
burnout velocity (approximately 36,000 ft/sec) in steps of 1,000 ft/sec.
In order to simplify the study, abort velocities of 1,000, 2,000, and
3,000 ft/sec were assumed. With a specific impulse Isp of 260 seconds
these abort velocities would represent fuel-to-vehicle mass ratios of
0.113, 0.213, and 0.301, respectively, whereas a fuel with an Igp of
400 seconds would allow mass ratios of 0.075, 0.1u4k, and 0.209, respec-
tively. This is shown in figure 3 where the relationship between AVg
and AW/W is given by

AV,

gl
esp

N
W

For a 16,000-pound vehicle, a mass ratio of 0.301l would correspondingly
represent a fuel weight of 4,816 pounds.

Four methods of applying the abort velocities (illustrated in fig. k)
were Investigated. In three of the methods the entire thrust was applied
at the time of abort either to reduce the flight-path angle without
changing the velocity as in method 1, or to reduce the velocity of the
vehicle without changing the flight-path angle as in method 2, or to
achieve a maximm reduction in the tangential (local horizontal) com-
ponent of velocity as in method 3. In the fourth method the vehicle,
after separation from the booster, is allowed to coast to apogee, and
then a small velocity is applied tangent to the flight path just suffi-
cient to insure an acceptable atmospheric entry.

The abort trajectories were specified in terms of the apogee, peri-
gee, and (if entry occurred) the entry conditions of Ve and 7, as




defined at an altitude of 60 miles. The flight time, from abort to entry,
was also determined in some cases. In the case of the trajectory of fig-
ure 1(c) aborts between orbital and escape velocities may occur within
the atmosphere (hy < 60 miles). In these instances, the trajectory condi-
tions at abort (modified by any abort velocity) are the entry conditions
unless the vehicle skips out of the atmosphere, in which case the reentry
conditions following the first orbital period are given.

In cases in which a velocity correction was applied at apogee of the
abort trajectory, the required velocity change was established by spec-
ifying the orbital perigee at 40 statute miles above the earth
(211,200 feet). The reason for this was simplicity of calculations.

In so doing the entry conditions at 60 miles fell within the boundaries
of figure 2.
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In addition to the aborts initiated at superorbital velocities,
calculations were made for a number of aborts initiated during the sub-
orbital portion of the launch trajectories for the most critical cases
which involve atmospheric entry (thus excluding aborts at high dynamic
pressure and aborts off-the-pad). When aborts were initiated at sub- v
orbital velocitles, the trajectories were computed from abort to entry
with drag (CD = 1.4) taken into account. At entry a lift-to-drag ratio
of 0.5 was assumed for the vehicle and the trajectory was computed (egs.
of ref. 3) until the rate of descent or the altitude reached zero, which-
ever occurred first. For these calculations an effective drag area of
75 square feet and a vehicle weight of 7,000 pounds were used.

RESULTS AND DISCUSSION

Aborts Initiated at Superorbital Velocities

General .- Detailled results are presented only for the Saturn 3-stage
dip trajectory denoted on figure 1 as trajectory 3. Limited results are
presented for the Saturn 4-stage trajectories denoted as trajectories 1
and 2 on figure 1. In the detailed analysis on trajectory 3, the con-
sequences of applying 1,000, 2,000, and 3,000 ft/sec of abort velocity
when the vehicle is at a velocity of 25,000 ft/sec and at each interval
of 1,000 ft/sec velocity thereafter up to 36,000 ft/sec were investigated
and the results tabulated in table T.

In table I(a), the AVo was applied by method 1. (See fig. L.)
At each flight condition the direction in which the abort velocity was
applied a, the flight-path angle after appljcation 77, the apogee
hg and perigee hp altitudes with reference to the surface of the




earth, and the atmospheric entry conditions at approximately 60 miles
altitude are listed. Also given is the elapsed time At from abort to
entry.

In table I(b) are listed the results when the Ny was applied by
method 2. ©Shown in the table are the perigee and apogee altitudes refer-
enced to the surface of the earth, the entry conditions at 60 miles alti-
tude, and the time of flight from abort to entry.

Similar analyses were also made on trajectories 1 and 2, but the
detailed results are not tabulated herein since, for the most part, they
are redundant. However, some of the more significant results are shown
plotted in the figures.

Aborts initiated within the recovery boundary.- If abort occurs
between orbital and escape velocities, the most desirable procedure may
be an immediate return to the earth's atmosphere. However, for any given
launch trajectory and a specified available abort velocity, immediate
entry with acceptable entry conditions can be obtained only up to a cer-
tain position on the launch trajectory. This is shown in figure 5(a) by
plotting the entry conditions of table I(a) on the boundary plot of fig-
ure 2. With 1,000, 2,000, and 3,000 ft/sec abort velocity available, the
last position at which the vehicle may make an immediate return to earth
is indicated in figure 5(a) by the point at which the skip boundary is
crossed. These points for all three trajectories are marked at the
bottom of each time history in figure 1. It is noted from the spacing
of the recovery boundaries that for each second of delay in abort time
an additional abort velocity of about 30 ft/sec would be required to
effect an immediate entry. The procedure used for applying the AV, 1is
essentially that of changing the flight-path angle to a more negative
value and is referred to as method 1. With the dip trajectories 2 and 3
of figure 1, an immediate entry may also be obtained without applying any
abort velocity; the last position at which such a recovery can occur is
also indicated on these two trajectories by a zero boundary. These posi-
tions on the launch trajectories represent the recovery boundaries for an
immediate entry with the use of the specified abort velocity. For aborts
initiated beyond these positions either more abort velocity is required
or the abort velocity must be applied by some other method to assure
eventual return to earth.

The ability to return immediately to earth by use of method 2 was
also studied and the results, obtained from table I(b), are shown in
figure 5(b). It may be seen that method 1 provided immediate return up
to higher values of Vg and, thus, appears to be more desirable than
method 2 in this respect.

Aborts initiated beyond the recovery boundary.- It may not be pos-
sible or desirable to enter the atmosphere immediately following abort




by applying the abort velocity by method 1. Hence, the techniques of
methods 2 and 3 were investigated: +the application of the entire AVg
along the trajectory in a retrograde direction (method 2) or tangent

to the local horizon (method 3). In these cases, the vehicle will coast
to an apogee and, hopefully, achieve entry near perigee.

The entry condiltions actually achieved by method 2 are tabulated in
table I(b) and are shown in figure 5(b) for trajectory 3. Results of
method 2 similar to those shown in figure 5(b) were also obtained for the
other two launch trajectories. In these cases, however, the entry condi-
tions were acceptable only at near satellite velocities. When aborts
occurred near escape velocity, the perigee of the abort trajectory was
usually outside of the atmosphere or 1if entry did occur the entry condi-
tions were usually unacceptable. (See fig. 2.)

One of the effects of applying the available abort velocity in a
retrograde direction (method 2) is shown in figure 6. For each of the
three trajectories, the apogee altitudes achieved for given values of
Vo are plotted as a function of the abort velocity applied. It may
be seen that the apogee altitude is not too sensitive to the amount of
abort velocity until the launch velocity approaches that required for
escape.

The significance of applying the abort velocity by methods 1 and 2
in terms of flight time following abort is shown in figure 7. In fig-
ures 7(a) and 7(b) if no retrovelocity is applied at the time of abort,
the time from abort to entry is indicated by the solid lines. If, how-
ever, a value of AV, of 1,000, 2,000, or 3,000 ft/sec is applied by
method 1, the vertical lines in figure 7(a) indicate minimum abort
velocity requirements for immediate entry. TFor example, up to a launch
velocity of 28,050 ft/sec on trajectory 3, entry is achieved within
seconds after abort without any abort velocity. Above this launch veloc-
ity of 28,050 ft/sec, immediate capture will not be achieved and an
orbital period of at least 2 hours will occur before reentry and pos-
sible capture on the return pass. If a value of 1,000 ft/sec of AVp
can be applied by method 1, then entry and capture within seconds after
abort may be accomplished up to a launch velocity of 30,500 ft/sec. At
higher launch velocities, the vehicle will not be captured during its
initial pass through the atmosphere and will have an orbital period of
3 hours or more before its next pass and possible capture within the
atmosphere. When aborts occur at velocities greater than 34,050 ft/sec
on trajectory 3, orbital periods will be at least 11 hours unless abort
velocities greater than 3,000 ft/sec are applied by method 1 to achieve
immediate capture or unless the vehicle velocity is reduced by some
method at the time of abort.

The effect on the flight time of using the availsble AVy to
achieve a maximum reduction in the vehicle velocity (method 2) is shown
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in figure 7(b). With a value of AVo of 1,000 ft/sec, entry and cap-
ture within seconds after abort are possible up to Vo = 29,050 ft/sec.
For aborts initiated beyond Vo = 23,050 ft/sec, skip~out will occur

with orbital periods of at least 2 hours as indicated by the dashed

line marked AV, = 1,000 ft/sec. These results (for launch trajectory 3)
indicate that, at the time of injection (Vo — 36,000 ft/sec), abort with
3,000 ft/sec applied along the flight path (method 2) will place the sbort
vehicle into an orbit of 6.7 hours duration with an apogee of 14,500 miles
(fig. 6) from the earth. It may also be seen that, beyond the recovery
boundary, method 2 provides an earlier return than does method 1.

It has been suggested that if the available AV, 1is applied tangent
to the local horizon (method 3), the time until entry will be minimized.
Just how much time is saved was investigated by comparing the times from
abort to entry when the AV, was applied by methods 2 and 3. Trajectory 1l
was used for this comparison since it afforded the largest injection
flight-path angle of the three trajectories studied and hence the largest
difference in the direction of application of AV, by the two methods.

The results, for aborts at a Vo = 35,000 ft/sec, are shown in figure 8.
The results show that the apogee altitude and the elapsed time from sbort
to entry are virtually unchanged. In fact, applying the thrust by method 3
gave slightly longer return times. The time to return was found to be
extremely sensitive to the reduction in flight velocity (Vo - AVpo for
method 2 and Vo - AVp cos 7o for method 3), and this difference in
velocity between the two methods more than compensated for the changes

in return time due to changing the flight-path angle. A more significant
observation is that the time from abort to entry is very insensitive to
small errors in the direction in which the retrograde abort velocity is
applied. Thus, the accuracy requirements of the angles of applying the
abort velocity for aborts beyond the recovery boundary may not be too
stringent from time-to-return considerations.

Velocity corrections at apogee.- It was pointed out previously that
in many cases in which aborts were initiated at superorbital velocities
the perigee of the abort trajectory either did not lie within the earth's
atmosphere or if 1t did, the entry angle was too low for capture. In no
case examined, where abort was initiated at superorbital velocities, was
the entry angle larger than that specified by the heat boundary of fig-
ure 2. However, if sbort is Initiated due to a significant deviation of
the booster from its nominal trajectory, an excessively large entry angle
may also be incurred.

It appears, therefore, that regardless of what action 1s taken at
the time of sbort, some provision for making further velocity corrections
near apogee will be required to insure that the entry conditions are within
the specified limits of the vehicle. If the apogee distance is so large
that the corrections made at apogee are not sufficiently accurate to insure
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the proper entry conditions, additional fuel may also be required for
midcourse corrections during the return phase of the trajectory.

In order to study the magnitude of velocity corrections at apogee
to insure entry, the vehicle was simply allowed to coast to apogee with-
out any sbort velocity being applied at initiation of abort. The peri-
gee altitude of this orbit was then calculated. Of the three launch
trajectories shown in figure 1, aborts at superorbital velocities from
trajectory 1 led to the highest perigee altitudes (earth miss distances).
The velocity changes at apogee AVg required to lower the perigee to the
value necessary for capture are shown in figure 9. Also plotted as a
function of the vehicle velocity at the time of abort Vo are variations
of apogee altitude and time of flight from abort to entry. It may be
seen in figure 9 that the largest velocity correction of 210 ft/sec was
required for aborts at near-orbital velocities. As Vo increased, the
apogee altitude and flight time increased, while the velocity correction
at apogee decreased.

In addition to these corrections at apogee, some subsequent mid-
course veloclty corrections will also be required. Because of errors
inherent to the navigational equipment, the accuracy of predicting the
perigee altitude and hence computing exactly what velocity corrections
to make at apogee will decrease with apogee distance. For instance, at
the greatest apogee distance shown on figure 9, 60,000 miles, perigee
distance can be ascertained only to within a corrider of width somewhere
between 80 and 360 miles (depending upon the source of the navigational
data) 1if no other corrections were made. Reference U4t indicates that
between 100 and 200 ft/sec of corrective velocity will be required during
the approach to earth to insure the desired entry conditions.

Aborts Initiated at Suborbital Velocities

In addition to the foregoing analysis on aborts initiated at super-
orbital velocities, a limited analysis was made of aborts initiated at
suborbital velocities. The study was limited to abort trajectories which
extended beyond the 60-mile altitude prior to an atmospheric entry. Such
abort trajectories may first be incurred when the booster and payload are
still in the atmosphere and the dynamic pressure has decreased from a maxi-
mum to less than about 10 lb/sq ft. Aborts at these conditions are usu-
ally characterized by moderately high (100 to 30°) flight-path angles,
and low (5,000 to 6,000 ft/sec) velocities both at the time of sbort and
at entry. A typical abort trajectory at this condition is shown in fig-
ure lO(a). The abort was initiasted at t = 173 seconds on launch tra-
jectory 3 of figure 1. Since the abort occurred at an altitude of
L7 miles, V and |7| were sbout the same at sbort and where the
deceleration started to build up on entry. With an L/D of 0.5, the
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vehicle experienced a maximum deceleration of 6g without abort thrust
except that required for the initial separation from the booster.

For aborts initiated after the booster and vehicle leave the atmos-
phere, the entry conditions become more critical than those illustrated
by figure 10(a). Although the flight-path angle is decreasing with time,
the corresponding increases in velocity and altitude seriously affect the
entry conditions. Of the launch trajectories investigated, the worst
(suborbital) entry conditions were obtained when the asborts were initiated
at launch velocities near 16,000 ft/sec. A typical result is shown in fig-
ure 10(b). This trajectory was obtained when an abort was initiated at
t = 305 seconds on launch trajectory 1 of figure 1. Only the entry phase
of the abort trajectory is shown although the time required from abort to
apogee and back to the original abort altitude was about 200 seconds and
the apogee altitude was about 150 statute miles.

The trajectory of figure 10(b) shows the importance of sbort altitude
and launch velocity on the entry conditions for aborts initiated at sub-
orbital velocities. Although the value of the flight-path angle at abort
was only 10°, the entry flight-path angle was -200. Even with an L/D
of 0.5, thls combination of velocity and flight-path angle led to a maxi-
mum deceleration of 18g.

The reason for the large absolute change in flight-path angle is
directly due to the 100 miles difference in altitude (between abort and
entry) and the large difference (0.7g) between the gravitational and the
centrifugal accelerations. In order to further correlate the conditions
at the abort altitude with the conditions at the entry altitude, a vari-
ation of 7 with V at these two conditions is shown in figure 11 for
trajectories 1 and 3. In the flgure the solid lines show the variations
of the flight-path angle with velocity along the two launch trajectories.
On these solid lines sltitude is variable. However, for each position
on the launch trajectory there is an associated entry velocity and flight-
path angle which is referenced to one altitude. The dashed line gives
these conditions for an altitude of 50 miles above the earth. Several
corresponding points which relate the conditions at abort and entry are
Jjoined by arrows and the maximum accelerations experienced by a vehicle
(L/D = 0.5) during the entry is indicated at the arrowhead. The figure
shows that the worst entry conditions were obtained near a
Vo = 16,000 ft/sec and that at this condition the 7o for trajectory 1
was lower than 7, for trajectory 3. However, due to the difference in
altitude (see fig. 1) between the two trajectories at the time of sbort,
the change in |7| for trajectory 1 was 120 while the change in |7' for
trajectory 3 was only 4.5°.

Thus, 1t is not always obvious what the most eritical conditions for
suborbital sbort may be unless altitude, velocity, and flight-path angle
are all taken into account or unless all velocities and flight-path
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angles are corrected to the appropriate entry altitude. For this latter
method, the closed-form solutions to Kepler's equations (cf. ref. 1) are
sufficient.

Beyond the critical condition illustrated in figures 10(p) and 11,
the combination of even lower abort flight-path angles and higher cen-
trifugal accelerations (due to higher velocities) leads to less severe
conditions at entry.

The large maximum deceleration at entry illustrated in figure 10(b)

may be largely alleviated by reducing the entry angle. Velocity impulses L
of 1,000, 2,000, and 3,000 ft/sec applied normal to the flight path just 1
prior to entry (Ve = 15,000 ft/sec) on the trajectory of figure lO(b) L
produced the results shown in the following table: 9
3
AV, ft/sec| Ay, deg| (Dap)pay, € units | (an)pax, & units )

0 0 0 17.6

1,000 3.8 3.1 1k.5

2,000 7.6 6.1 11.5

3,000 11.3 8.2 9.4

L

Tae heating aspects of such entries have not been quantitatively
investigated. However, it has been established (cf. refs. 3 and 5) that
the maximum heating rate will be reduced and the total heat absorbed will
be increased by reducing the entry angle just prior to entry. Since the
total heat transfer is strongly dependent on the energy at entry, sborts
at suborbital velocities should not be expected to exceed the hypervelocity
design conditions. Therefore the trade-off of high heating rates at high
accelerations for longer soak periods (higher total heat transfer) and
lower accelerations should prove to be more favorable to the latter.

IMPLICATIONS OF RESULTS

The present investigation was concerned with possible methods of
utilizing availsble fuel in the case of aborts during launch on a lunar
mission. The results indicate that flight conditions during the launch
change very rapidly and that, depending upon the amount of available -
fuel and the instantaneous flight conditions at the time of abort, the
proper procedure may also change quite rapidly. Up to a certain point
on the launch trajectory, somewhere between orbital and escape velocities,
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the avajlable abort fuel may be used to reduce the flight-path angle

and effect an immediate return to earth. Beyond that point the velocity
should be applied essentially along the flight path to reduce the velocity.
From the standpoint of time from abort to entry, the exact angle at which
this retrograde velocity is applied is not too critical. However, the
entry angle will be directly dependent upon the direction of application
at the time of abort. For this reason, some abort fuel should be held in
reserve for further corrections at apogee and during the return to earth
to insure that proper entry conditions are attained.

Aborts initiated during the initial exit of the vehicle from the
atmosphere (suborbital velocities) may be gquite critical from decelera-
tion considerations on entry. However, large changes in flight-path
angle may be achieved just prior to entry since the entry veloecity for
the most critical cases was only about 15,000 ft/sec.

In this analysis impulsive thrust was assumed and the time delay
in initiating the thrust neglected. The analysis shows that beyond the
recovery boundary the time allowed to modify the velocity and hence the
abort trajectory is not critical. However, the capacity to return imme-
diately to earth, and hence the very definition of the recovery boundary
is strongly influenced by the time required to initiate and apply the
abort velocity. At near-escape velocities the impulsive velocity require-
ment for an immediate return to earth increases at a rate of abcut
50 ft/sec every second regardless of whether the vehicle is being boosted

(at about l% to 2g) or is in free flight after separation from the

booster. The variables most important to the abort requirements (7, 7%,
and h) are virtually unaffected by the relatively small changes in veloc-
ity from accelerated or unaccelerated flight. Thus, the time delay in
applying the abort velocity will be very critical in this region.

The actual time required to apply the thrust (and hence the choice
of the total impulse and thrust level of the rocket engine) will strongly
affect the position of the recovery boundary. As the vehicle approaches
escape velocity, the centrifugal acceleration exceeds the gravitational
accelerations by as much as 1.0g and this difference in acceleration
produces a positive time rate of change of the flight-path angle. In
order to return to the earth immediately, this acceleration difference
mist be temporarily overcome and the flight-path angle reduced to a
sufficiently large negative value to bring the vehicle back into the
atmosphere within the boundaries defined in figure 2. The significance
of finite burning time can be illustrated with the following numerical
example.

A vehicle having an (initial) 1lg abort rocket engine with a specific
impulse of 400 seconds would require 82 seconds to apply a 3,000 ft/sec
velocity change and this velocity change would consume 20.5 percent of
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the vehicle weight. Thus, if this sbort veloclity were applied essen-
tially perpendicular to the flight path when the vehicle is at near-
escape velocities, then for 82 seconds, the vehicle acceleration due
to the abort rocket thrust would serve only to counteract the cen-
trifugal acceleration and would not significantly reduce the altitude.

At suborbital velocities it was pointed out that abort velocities
applied impulsively just prior to entry could significantly change the
flight-path angle. However, the magnitude of this change may be reduced
by finite firing times and thils loss of effectiveness may lead to less
favorable deceleration conditions.

In any complete analysis, it 1s concluded that the time required
to separate the vehicle from the booster, the time required to orient
the vehicle in the correct direction to apply the abort velocity, and
the time required to effect a veloclty change will strongly influence
the results of this preliminary analysis based on Impulsive thrust.
It is also concluded that the changes in the results due to these factors
will generally be unfavorable from considerations such as the total veloc-
1ty requirements, the entry conditions, and the size of rocket engine used
for the abort.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., February 21, 1961.
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Figure 2.- Required entry conditions.
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Figure 3.- Relationship between abort velocity and ratio of fuel
weight to vehicle weight.
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(a) Trajectory 1.
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3

(b) Trajectory 2.
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3 36_x 103
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(c) Trajectory 3.

Figure 6.- Variation of apogee distance with AV, as applied by

method 2.
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V, thousands ft/sec

a,, g units;

20

16

| L | | L | 1 1 { |
[o} Lo 80 1zo 160 200 2he 280 320 360 hoo

(a) Initial abort conditions of trajectory 3: V, = 6,400 ft/sec;

V, thousands ft/sec

, 2 unite;

n

20 —

ho = 47 miles; 7, = 20°.

-80 L | I | i | ! ! | .
0 Lo 80 120 160 200 2ho 280 320 360 hoc

t, sec

(p) Entry conditions for an abort initiated during trajectory 1:
Vo = 13,800 ft/sec; hy = 1%3.5 miles; 7, = 10°.

Figure 10.- Abort trajectories initiated at suborbital veliocities
with relatively high entry angles and with L/D = 0.5 during
entry.
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